Regeneration of axons into inappropriate distal nerve branches may adversely affect functional recovery after peripheral nerve suture. The degree to which motor axons reinnervate sensory nerves, and vice versa, has not been determined. In these experiments, HRP is used to quantify the sensory and motor neurons that reinnervate sensory and motor branches of the rat femoral nerve after proximal severance and repair. Motoneurons preferentially reinnervate the motor branch in juveniles and adults, even if the repair is intentionally misaligned or a gap is imposed between proximal and distal stumps. A specific interaction thus occurs between regenerating motor axons and the Schwann cell tubes that lead to the motor branch. This interaction is independent of mechanical axon alignment.
Functional recovery is often incomplete or absent after suture of transected mammalian peripheral nerve. Regeneration of proximal axons into inappropriate distal pathways has long been recognized as a possible mechanism for this failure (Langley and Hashimoto, 1917; Sunderland, 1978) . The specificity of axon regeneration after peripheral nerve lesions has largely been investigated within sensory or motor systems. Studies intermingling or crossing these systems have focused on end organ reinnervation rather than on pathway selection (Langley and Anderson, 1904; Weiss and Edds, 1945; Zalewski, 1970) . Regenerating motor axons could enter Schwann cell tubes that lead to sensory branches and be directed to sensory end organs. Similarly, sensory axons could be led to motor endplates. Not only would these axons fail to establish functional contacts, they could exclude appropriate axons from the pathways they occupy. Despite the potentially dramatic effect of this misdirection, the extent to which it actually occurs has not previously been determined . These experiments quantify the sensory and motor neurons regenerating across a proxima! nerve suture into pathways leading to terminal sensory and motor branches. The rat femoral nerve was cut and repaired proximally at a level where sensory and motor axons intermingle. HRP was later applied distally, at a level where the nerve has divided into sensory and motor branches, to identify the Materials and Methods Experiments were performed on the femoral nerves of female SpragueDawley rats ( Fig. 1 ) under Chloropent anesthesia (Dodge Laboratories; 3 ml/kg). Six experimental groups each contained 25 animals: adult (12-14 weeks, 250 gm), juvenile (3 weeks, 50 pm), adult rotation, juvenile rotation, adult gap, and juvenile gap. In adult and juvenile groups the proximal femoral nerves were severed bilaterally and precisely realigned with 11-O nylon sutures under 40x magnification. In both rotation groups the distal stump was rotated 90" clockwise on the right and counterclockwise on the left to oppose equivalent portions of the nerve in both limbs, and then was sutured in place with 11-O nylon. Adult and juvenile gaps were maintained at i/z mm by suturing the proximal and distal stumps within silicon tubing (Dow Corning). Animals were reexplored at 2 weeks, and those with disrupted suture lines or a change in the interstump gap were excluded from the study.
Eight weeks were allowed for reinnervation of the distal branches. One-sensory branch and the opposite motor branch, randomly determined. were then severed and exuosed to 15% HRP (Siama VI) in distilled water for 45 min. Forty-eight hours later, the'animals were deeply anesthetized and perfused through the left ventricle with onequarter strength Karnovsky's fixative in 0.1 M Sorensen's phosphate buffer, followed by 15% sucrose in 0.1 M buffer (Mesulam, 1982) . The lumbar spinal cords and sensory ganglia were removed, and the ganglia embedded in albumin-gelatin. Tissues were cut at 80 pm on a freezing microtome and reacted with H,O, and tetramethyl benzidine to demonstrate HRP within neurons (Mesulam, 1982) . Sections were then serially mounted and counterstained with neutral red. HRP-labeled neurons were counted at 40 x by an observer unaware of which branch had received HRP. The presence of split cells in adjacent sections was corrected for by the method of Abercrombie (1946) . Data were collected from the first 20 animals to successfully complete the experiment in each group. Each of the 6 groups was then characterized by 4 means: the mean sensory and mean motoneuron counts labeled from the motor branch, and the mean sensory and mean motoneuron counts labeled from the sensory branch. Reinnervation of sensory and motor branches was compared within each group by separate paired t test analyses for sensory and motoneuron counts. A repeated-measures analysis of variance was attempted, but was not possible because of the lack of homogeneity of variance among groups.
Control experiments were performed to characterize the femoral nerve model and assess its reliability. In 4 normal adults, HRP was applied to one motor branch and the contralateral sensory branch. HRP-labeled sensory and motor neurons were then counted to define the neuron population normally innervating the sensory and motor branches. The possibility of HRP labeling through an unintended pathway was tested for in 2 adults that had regenerated after proximal femoral nerve suture. Contralateral sensory and motor branches were exposed to HRP, after which they were ligated proximally to block the central transport of HRP. The distribution of motor branch axons within the proximal femoral nerve was determined in 2 adults and 2 juveniles by labeling the axons with HRP-WGA (Brushart, 1986) . Bilateral motor branches were exposed to 15% HRP-WGA for 2 hr. Twelve hours were allowed for central transport of the enzyme, after which the animals were deeply , and L4 contributions and innervates the iliacus and pectineus muscles before dividing into a motor branch to the quadriceps and a terminal sensory branch. The sensory branch includes the saphenous nerve as well as local cutaneous innervation. The nerve is sutured nroximallv as it exits the lumbosacral plexus; HRP is applied distally to the sensory or quadriceps motor branch after'they have passed beneath the inguinal ligament.
anesthetized and perfused with fixative (Mesulam, 1982 ). The femoral nerves were then embedded in albumin-gelatin and 80 pm frozen sections cut at 2 mm intervals throughout the proximal nerve.
The femoral nerve model was further characterized by defining the myelinated axon populations of the motor and sensory branches. The motor and sensory branches of 2 adults and 2 juveniles were embedded in Epon-Araldite, sectioned at 1 pm, and photographed at 200 x . Myelinated axons were counted from photographic prints (final magnification, 1370x), and a Houston Instruments Hi-Pad digitizing tablet was interfaced with an Apple II+ computer and appropriate software (R&M Biometrics, Nashville, TN) to determine the total myelinated axoplasmic area for each branch.
Results and Discussion
Exposure of 4 normal motor branches to HRP labeled a mean of 338 motoneurons (range, 309-365) and 476 sensory neurons (range, 437-524) . In contrast, Peyronnard et al. (1986) labeled a mean of 598 motoneurons (345 alpha, 253 gamma) from the rat quadriceps nerve, also using HRP. These investigators counted neurons from serial reconstructions of 40 pm sections; the volume of material in our experiments necessitated counting from 80 pm sections and correcting for split cells. The similarity of our mean control count (338) to their alpha count (345) suggests that our criteria for excluding fragments of proximal dendrites also excluded many gamma motoneurons. Exposure of 4 sensory branches labeled a mean of 1659 sensory neurons (range, 1489-2 174) and no motoneurons. Ligation of exposed sensory or motor branches eliminated neural labeling altogether, confirming that HRP could be reliably confined to the intended pathway in the femoral nerve model. HRP-WGA axon tracing revealed that axons confined to the motor branch distally were dispersed at proximal levels in both juveniles and adults (Fig. 2) . Proximal nerve repair would thus provide most regenerating axons with access to a mosaic of sensory and motor Schwann cell tubes in the distal stump.
Myelinated axon counts were consistently greater in the sensory branch, with little difference between adults and juveniles (Table 1) . Mean myelinated axoplasmic area, by contrast, was greater in the motor branch by a factor of 1.73 in adults and 1.63 in juveniles. The ideal model for this experiment would present regenerating axons with 2 groups of Schwann cell tubes, which differed only in their sensory/motor identity. However, the inherent size discrepancy between motor and sensory axons makes this impossible. The rat femoral nerve model, with more, smaller axons in the sensory branch and fewer, larger axons in the motor branch, presented the best compromise between several mammalian models studied (T. M. Brushart, unpublished observations) .
Experimental data are summarized in Figures 3 and 4 . More motoneurons were labeled from the motor branch than from the sensory branch in all groups. The difference between the 2 branches was highly significant (p 5 0.0002) except in the adult animals in which a gap had been imposed between the proximal and distal nerve stumps (p = 0.029). Sensory neuron labeling was significantly greater from the sensory branch in all groups except for the well-aligned adult repairs. However, it is difficult to know if the sensory findings are biologically significant. The sensory branch contains more myelinated axons than the motor branch, and could thus receive more innervation on a random basis. The abnormal reinnervation of the motor branch by many more sensory axons than it normally contains could also reflect random behavior by sensory axons. Discussion will therefore be limited to motor reinnervation.
Preferential reinnervation of the motor branch could be (1) a generalized response shared by all axons, (2) the result of surgical alignment of axons in the proximal and distal cut surfaces of the nerve, (3) a specific interaction between regenerating motor axons and Schwann cell tubes leading to the motor branch. If a preference for motor Schwann cell tubes could guide regeneration of both sensory and motor axons, one would expect reinnervation of the motor branch by equal proportions of the total motor and sensory neuron populations. The finding that motor axons preferentially reinnervate the motor branch, while sensory axons favor the sensory branch, makes a generalized attraction to the motor branch seem extremely unlikely. Specificity produced by surgical alignment of axons should be proportional to the accuracy of repair. Even though sensory and motor axons were dispersed throughout the cross section of the nerve, exact alignment of proximal and distal stumps could approximate individual sensory or motor axons. However, an intentional misrotation of 90" had little effect on the outcome of motor reinnervation in adults orjuveniles. Preferential motor reinnervation thus appears to be independent of mechanical The mechanism of preferential motor reinnervation cannot be precisely determined from the data presented here. Possibilities include (1) neurotropism: regenerating axons are guided to appropriate Schwann cell tubes by diffusible factors, (2) specific recognition: axons sample Schwann cell tubes and selectively adhere to those with particular surface properties, (3) neurotrophism: axons enter Schwann cell tubes randomly, but mature only in appropriate tubes or after making appropriate end organ contact.
Neurotropic guidance of peripheral axon regeneration was first postulated by Ramon y Cajal (1928) . After refutation by Weiss and Taylor (1944) , the Theory of Neurotropism was revived by Lundborg et al. (1982) , who demonstrated that the distal nerve stump could influence both the orientation and growth of regenerating peripheral axons. Politis et al. (1982) showed this effect to be directed by cells in the distal stump and mediated by diffusible factors, and Kuffler (1986) found directed axon growth to precede target contact. Evidence consistent with the action of neurotropism has also been obtained from tissue culture and embryonic manipulations. Sensory neurites ascend gradients of NGF (Gunderson and Barrett, 1979) , and are selectively attracted to appropriate targets in cocultures with either central (Crain and Peterson, 1982) or peripheral (Lumsden and Davies, 1983) nervous tissue. In the chick embryo, reversal of spinal cord segments or-moderate limb shifts does not prevent motor axons from reaching appropriate targets, even if unique pathways are created to do so Landmesser, 1980, 1981) .
Specific recognition contributes to pathway selection in lower animals (Bastiani et al., 1986) , but little evidence currently exists for specific recognition of Schwann cell tubes by regenerating mammalian axons (Scherer and Easter, 1984) . However, it has been suggested that Schwann cells (Keynes, 1987) or Schwann cell basal laminae may preserve clues to their previous axonal associations that could be identified by regenerating axons. The ability of regenerating motor axons to recognize synaptic basal lamina (Sanes et al., 1978; Glicksman and Sanes, 1983) , coupled with evidence that sensory and motor Figure 4 . Sensory neuron counts resulting from annlication of HRP to the femoral motor (open bars) and sensory (stippled bars) branches after repair of the proximal femoral nerve. Significantly more sensory neurons were labeled from the sensory branch in all groups except fbr adult repairs.
.I = .019 p = .0077 p = .0007 axons differ in their surface glycoconjugates (Borges and Sidman, 1982) should encourage further investigation of this possibility. Neurotrophic activity has been well documented in the peripheral nervous system. Soluble growth factors have been found in peripheral nerve segments (Richardson and Ebendal, 1982; Windebank and Poduslo, 1986) and homogenates (Riopelle et al., 1981; Millaruelo et al., 1986) and have been produced by Schwann cells in culture (Abrahamson et al., 1986; Assouline et al., 1987) . Fluid from enclosed nerve gaps contains growth factors for sympathetic, sensory, and spinal cord neurons that are thought to be distinct agents (Long0 et al., 1983) . Both innervated and denervated muscle contain neurotrophic factors for neurites in culture (Smith and Appel, 1983; Nurcombe et al., 1984) .
Selective motor reinnervation was more prominent in juveniles than in adults. The possible significance of this difference could not be determined because of the lack of homogeneity of variance among groups. The juvenile femoral model was, however, compared with the adult to rule out an anatomical bias. Increased selectivity could result from (1) a higher number of axons in the juvenile motor branch, (2) an increase in axoplasmic area in the motor branch relative to the sensory branch, or (3) greater localization of motor branch axons within the proximal femoral nerve. However, there was no significant difference between adults and juveniles on these parameters. Motoneuron death, another potentially selective factor in young animals, is completed in rats before 3 weeks of age (Janjua and Leong, 1984; Oppenheim, 1986) . Possible juvenile advantages could include more rapid axon regeneration (Black and Lasek, 1979; Pestronk et al., 1980) or more extensive motor axon branching (Jenq and Coggeshall, 1985) , allowing earlier or more extensive sampling of the distal environment. The observation that preferential motor reinnervation is age-related could prove to be clinically relevant. The results of peripheral nerve surgery in children are superior to those in adults (Onne, 1962; Almquist and Eeg-Olofsson, 1970) ; the difference has been attributed to an age-related aptitude for compensatory central reorganization (Almquist et al., 1983) . However, preferential motor reinnervation could also be a factor, implicating both central and peripheral mechanisms.
The specificity of mammalian peripheral nerve regeneration can be examined in an hierarchical framework, proceeding from gross through progressively finer discriminations. Tissue specificity has been demonstrated by Lundborg et al. (1986) and Mackinnon et al. (1986) ; axons will grow towards other nerve rather than tendon, muscle, or granulation tissue. Within the peripheral nervous system, selectivity can occur at the spinal root (Wigston and Sanes, 1982) and nerve trunk (Politis, 1985) levels. Sensory/motor discrimination was suggested by experiments in a Y-tube model (Brushart and Seiler, 1987) , and is here confirmed to be a powerful determinant of peripheral nerve regeneration. The topography of reinnervation has been examined in great detail within both sensory and motor systems. Sensory axons regenerating after nerve transection do not restore their original innervation pattern (Horch, 1979) and the dorsal horn projections of reinnervated tributary nerves expand to resemble those of the entire parent nerve trunk (Brushart et al., 198 1) . Similarly, the topography of motor innervation is not restored after section of adult peripheral nerves (Bernstein and Guth, 196 1; Brushart and Mesulam, 1980; Mizuno et al., 1980) though meticulous alignment improves the accuracy of reinnervation at the fascicular level (Brushart et al., 1983) . In juvenile rats, however, topographical correspondence of motoneuron pools with the periphery is restored after section of the intercostal (Hardman and Brown, 1987) and facial (Aldskogius and Thomander, 1986) nerves. The finest level ofdiscrimination involves recognition of specific sensory or motor end organs. Regenerating cutaneous sensory axons either reinnervate appropriate receptors or induce them to regenerate in their previous locations (Burgess and Horch, 1973; Horch, 1979) ; sensory reinnervation of muscle is less specific (Banks et al., 1985) . Motor axons reinnervate fast and slow twitch muscle fibers randomly under most circumstances (Miledi and Stefani, 1969; Gillespie et al., 1986) , though specificity may be present in special situations (Hoh, 1975; Foehring et al., 1986) . Muscle spindles may be reinnervated by alpha motoneurons after nerve section (Brown and Butler, 1974) but reinnervation by skeletofusimotor neurons appears to predominate (Scott, 1987) .
Specificity at the tissue Mackinnon et al., 1986) spinal root (Wigston and Sanes, 1982) , and nerve trunk (Politis, 1985) levels requires the creation of special circumstances for its detection. Preferential motor reinnervation, by contrast, shapes the outcome of routine peripheral nerve suture. Furthermore, the factors responsible for this phenom-
* Preferential
Motor Reinnervation enon are of sufficient magnitude to partially overcome the axonal disorganization imposed by stump misalignment or an interstump gap. The ability to discriminate between sensory and motor branches is of additional importance because of its position near the top of the specificity hierarchy, where the populations of axons that enter tributary nerves are determined. Progressively finer discriminations would be useless were the appropriate end organ choices unavailable in a particular tributary nerve. The specificity of sensory/motor reinnervation is not, however, absolute. Though motor axons preferentially reinnervate the motor branch, many have entered the sensory branch in these experiments. An even greater proportion of regenerating sensory axons have entered the motor branch, suggesting that sensory axon behavior may be more random. Definition of the mechanism of preferential motor reinnervation and its augmentation, especially in adults, could thus potentially improve the prognosis of injury to nerves containing both sensory and motor axons.
